ABSTRACT DNA-recognition rules for Zn fingers are discussed in terms of crystal structures. The rules can explain the DNA-binding characteristics of a number of Zn finger proteins for which there are no crystal structures. The rules have two parts: chemical rules, which list the possible pairings between the 4 DNA bases and the 20 amino acid residues, and stereochemical rules, which describe the specific base positions contacted by several amino acid positions in the Zn finger. It is discussed that to maintain the correct binding geometry, in which the N-terminus of the recognition helix is closer to the DNA than the C-terminus, the residues facing the DNA on the helix must be larger near the C-terminus, and that two different types of fingers (A and B) bind to DNA in distinctly different ways and cover different numbers of base pairs.
INTRODUCTION
The Zn finger motif was first proposed for TFHIA (Miller et al., 1985) , and now many transcription factors are known to use the same motif for DNA-recognition. Crystal structures of DNAfinger complexes Zif268 [Zif] (Pavletich and Pabo, 1991) , GLI (Pavletich and Pabo, 1993) Rosenfeld and Margalit, 1993) .
Although similarities in DNA-recognition by some fingers have been pointed out (Klevit 1991 , Berg 1992 ), these did not provide rules which could explain DNA-binding specificity of Zn fmgers generally. On the contrary, in a recent paper, Pavletich and Pabo (1993) expressed scepticism as to whether such rules exist. They based this discussion on the finding that not all fingers bind to DNA in the same way and that some fingers do not even bind to DNA strongly.
In this paper, we show that it is possible to deduce consistent rules for DNA-recognition by Zn fingers based on the known crystal structures.
ANALYSIS OF THE CRYSTAL STRUCTURES
We discuss in this section features found in the three crystal structures, that have not been discussed before.
'Good' and 'bad' fingers
The two fingers in TTK and the three fingers in Zif bind to DNA bases ( Figure 1 ). GLI has five fingers: Finger 4 [F4] and finger 5 [F5] bind to DNA strongly. However, Fl and F3 have no residues contacting the DNA bases, and F2 has only one such residue ( Figure 1 ). This is in one sense expected since some fingers are believed to bind to DNA only weakly (Zarkower and Hodgldn, 1992, Delwel etal.,1993, see also discussion on TFIA in 3.5). It is therefore important to find out what makes a DNA-finger interaction specific.
Four amino acid positions are commonly used for base recognition among the fingers of TTK and Zif; 2, 3, and 6 in the recognition helix and -1 which is placed in a short linker connecting the helix to a ,8-sheet ( Figure 1) .
We argue that a 'good' or 'specific' finger has smaller residues at the N-terminus of the helix, and larger residues at the Cterminus. Such a configuration matches the binding-geometry, in which the N-terminus of the recognition helix is closer to the DNA than the C-terminus (Figure 2d ). In the crystals large residues, such as Arg and Lys, at position 6, the position farthest from the DNA can reach a DNA base but small residues, Ala and Thr, cannot ( Figure 1 ). Amino acid residues can be classified into four groups according to the shapes of their sidechains: small, medium, large, and aromatic (Suzuki, 1994 and see Figure 3a of this paper). Aromatic residues have distinctive shapes but may often be included in the large group. The position -1 is not inside the helix and the larger the residue which occupies this position the better.
Therefore, we suggest that a 'very good' finger has a large residue at -1, small/medium at 2, medium/large at 3, and large at 6. 'Bad' or 'non-specific' fingers have at least two wrong residues which do not meet this description.
Type A and B fingers
The fingers in TTK and Zif, and F5 of GLI all recognise DNA with a very similar geometry, while F4 of GLI binds to DNA in a very different geometry (Figures 2d, 4 and see 2. 3). We call the two DNA-binding modes: A (TTK, Zif, and GLI F5) and B (GLI F4).
A recognition helix in the A mode binds predominantly to bases on one DNA strand (the Watson strand) (Figure 2e ), while that in the B mode binds to the other DNA strand (the Crick strand) (Figure 2f) .
The A and B geometries seem to be fixed by placing phosphatebinding residues on different 3-strands ( Figure 1 ): If (-strand 2 is designed so that it binds to phosphates on the Watson strand and if 3-strand 1 is designed so that it does not bind to phosphates on the Crick strand, the finger behaves as A (Figure 2b) . Alternatively, if (3-strand 1 binds to the Crick strand, while (3-strand 2 does not bind to the Watson strand, the finger behaves as B (Figure 2c ).
Four positions appear to be important for judging the mode of a finger: two positions on (-strand 2 ((21 and (23), one position on (-strand 1 ((311) and one position on the helix (position 4) (Figure 2 first His, which is required for Zn-binding and is always found at helix position 7, can be used to bind to a phosphate on the Watson strand but not to the Crick strand (Figures 1,2b ) and therefore a finger seems to be biased to act as A.
Amino acid and base positions contacted
The amino acid and DNA base positions contacted are well conserved among the A fingers (Figure 4 ). Rules which describe the positions and sizes of residues used for each of the contacts are a consequence of the conserved binding-geometry ( Figure  2d ) and can be summarised in the form of a chart (Figure 3b) . Briefly the stereochemical rules are (see Figure 3b for Figure 4g ) are not sufficient for generalising the stereochemical rules of B fingers. However some other fingers appear to use a very similar binding-geometry (Figure 4 ), which are summarised in Figure 3c . GLI F5 is essentially an A finger (Figure 4g ). However its binding-geometry is not that of a standard A finger. The slight differences may be caused by the connection towards the preceding B finger; thus, the binding-geometry of a finger may be affected by its connections with neighboring fingers (see 2.4). 2.4 Spacing between fimgers along the DNA A recognition helix in the A mode is more radial with respect to the DNA axis than one in the B mode ( Figure 2d ). As a consequence, the number of base pairs covered by a B finger is larger than that by an A finger. Also a connection between B and A fingers covers a few more base pairs than is needed between two A fingers ( Figure 5 ). Thus, the spacing between two neighboring fingers along the DNA is dependent on the types of the fingers.
An A finger covers four base pairs (base pairs 0 to 3) and is positioned every three base pairs along DNA by the sharing of one base pair between two neighboring fingers; that is, base pair 3 for one finger is simultaneously base pair 0 for the following finger (Figures 5a,b) . In contrast, a B finger covers five base pairs (base pairs -1 to 3) ( Figure Sc 
EXAMINATION OF OTHER Zn FINGERS
There are number of other Zn finger proteins well characterised by biochemical techniques, such as foot-printing and PCR. In this section, we show that the DNA recognition of these proteins can be understood by the same principles described in section 2. We use the following strategy: (1) identify a 'good' finger, (2) determine its A/B mode, (3) predict its DNA-binding sequence, (4) compare the predicted binding sequence with experimental data, and (5), if necessary, consider the binding specificity of less specific fingers neighboring the good finger.
Chemical code
It is essential to understand the possible specific contacts between amino acid sidechains and DNA bases Figure 3a .
Some sidechains can bind to only one or two of the four bases and thus such a contact is very specific. For 3.2 'A' fingers using several Arg residues Some finger proteins, which have two or three A fingers, are predicted to use several Arg or Lys residues for base-recognition ( Figure 6a ). The DNA-binding specificity of these proteins is easy to understand, since Arg residue most likely binds to the G base (Klevit, 1991 , Berg, 1992 . However, for understanding the interactions fully, consideration of other types of contacts is necessary. For example, Glu (aa3) of WT1, SPI and Krox2O binds to C or A at W2. Some proteins have more than three fingers but not all of them are 'very good'. MAZ has five fingers, but three of them (F1-F3) appear to be sufficient to explain the binding-specificity of the protein (Figure 6a ).
3.3 'A' rfgers not using many Arg residues Some fingers do not possess Arg at a base-contacting position. By using the chemical code table, it is possible to discuss the amino acid-DNA base contacts for these proteins (Figure 7a ).
For instance, hunchback binds to A/T-rich sequences and a theory is needed to explain such specificity (Berg, 1992) . We account for its specificity in terms of the binding specificity of fingers 2 to 4, which bind in the A mode and make specific contacts to T bases from Tyr, Phe, Met, and Leu (Figures 6b, 4n-p). Figure 3a) . In some of the predictions an ambiguity is seen as aa2 can bind to two base positions (shown with broken lines). See following references for the MBP family; MBP1 (Baldwin, 1990 (Figures 4q,r) .
The binding specificity of Sry( (Vincent et al., 1985, Payre and Vincent, 1991) can be explained by that of two of the five fingers, F1 and F2. These two fingers again appear to be in the B mode (Figures 4s,t) as Fl has Glu and Phe at (321 and (323, respectively, and F2, Leu and Val. The Glu in F1, which is repulsive to DNA phosphates, at the position which is usually occupied by Lys or Arg in the A mode, making it particularly unlikely that F1 binds in A.
In figure 7 we list all the finger sequences discussed in this paper from those very 'A-like' to those very 'B-like.' By comparing a new finger sequence with those in the list, the mode of finger may be determined. There is a gray area in the middle of the list (marked AB), in which the A and B characters are not clear cut.
Sry(3 F2, for instance, has many hydrophobic residues on its (3-strands and therefore may not bind to either of the DNA strands strongly. The behavior of such an ambivalent finger may well depend on fingers neighboring it or by the features of the linker connecting two fingers (Choo and Klug, 1993 ). Fig. 3 . Helix position 2 can contact two DNA positions, so there is some ambiguity. The DNA bases (observed) shown in bold are the bases same as predicted as contacted by specific partner residues. The bases underlined are those inconsistent with the prediction. The bases in plain are those predicted to be not contacted, contacted but not specified, or contacted and consistent with the binding specificty of the amino acid residue but not the most specific candidate. Foot-printing and base-modification experiments are useful to identify the approximate position of a protein on the DNA. However, these are not always specific enough to pin-point the base contacted by an amino acid sidechain. Interpretation of the results may not be always easy and the results may depend on the details of the experiment; for example, slight differences can be seen in the two independent methylation protection experiments of CAP binding (see Figure  1 of Ebright et al., 1984 and compare the two profiles with the crystal structure in Schultz et al., 1991). Also, if a whole protein is used instead of its fingers for the experiment, interpretation becomes more difficult as some additional contacts may occur from outside the fingers. Therefore, there might be slight differences between our prediction shown here and experimental observation. Also it might be dangerous to conclude a protein's binding-specificity from a single or a small number of identified binding sites; slight deviations are seen among the identified binding sites of the same protein (Figures 6,8) . In this study we tried to include as many Zn finger proteins as possible. The DNA-binding specificity of most of them can be explained by the rules very well. However we find two notable exceptions (see the following) which require further study for their understanding. The binding-specificity of SPI has been extensively studied and it matches well with the rules; SP1 binds to G-rich sequences by using Arg/Lys residues. However, Zhu et al. (1993) have reported that HFIB which has almost the same three fingers as those of SP1, binds to an entirely different DNA sequence which is rich in A/T bases. This is quite puzzling and is inconsistent with any discussion so far published. EPF1 (Takatsuji et al., 1992) has two fingers separated from each other. The two fingers, however, have 'wrong' types of residues at the base-recognition positions, small at -1, large at 4, small at 5, small at 8. Therefore, its DNA-binding specificity cannot be explained by the rules discussed in this paper. The rest of the protein might be important for the DNA-binding, or the fingers adopt a third binding geometry which is unknown at present. 
